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Abstract. To assess correlates of the timing of cranial pneumatization in wintering White- 
throated Sparrows (Zonotrichiu albicollis), we repeatedly determined the stage of pneu- 
matization of marked individuals in the field following autumnal migration. There were 
pronounced differences among individuals and among years in the timing of cranial pneu- 
matization. Pneumatization occurred later in larger individuals, as indicated by wing length, 
but the timing of pneumatization was not related to dates of arrival in wintering areas nor 
to social dominance. 
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INTRODUCTION 
The timing of cranial pneumatization in the field 
varies among individuals of the same species 
(Winkler 1979, Yunick 1979). Laboratory stud- 
ies have suggested that some of this variation 
might result from differences in the date of hatch- 
ing or nutrition (Nero 195 1, Serventy et al. 1967, 
Biur and Thapliyal 1972, Hamel et al. 1983). If 
so, the timing of pneumatization might provide 
an indication of a young bird’s age or nutritional 
state. Previous studies of the course of pneu- 
matization in individual birds, however, have 
relied on captive subjects or on birds examined 
once or a few times each in the field (Nero 195 1; 
Serventy et al. 1967; Stork 1967; Biur and Thap- 
liyal 1972; Winkler 1972, 1979; Hamel et al. 
1983; Hamel and Wagner 1990). We repeatedly 
examined free-living White-throated Sparrows 
(Zonotrichia albicollis) marked for individual 
identification as part of a larger study of their 
behavior during winter. Our study thus provided 
an opportunity to examine the relationships 
among timing of pneumatization and other at- 
tributes of individuals in the field. 
When feeding during winter, White-throated 
Sparrows often gather in loose flocks in which 
they maintain stable dominance relationships. In 
a population in North Carolina, a bird’s success 
in dominating opponents depends on its age and 
sex and on the location of its encounters in re- 
lation to the center of its range (Piper and Wiley 
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1989a, 199 1 a). Success in dominance in turn af- 
fects a bird’s storage of fat, its chances of return 
in a subsequent year, its patterns of movement, 
and its ability to compete for feeding sites near 
cover (Schneider 1984; Piper 1990a, 1990b; Pip- 
er and Wiley 1990a, 1990b). Low-ranking birds 
appear not to have any compensating advantages 
in finding food (Wiley 199 1). Consequently, suc- 
cess in dominance might influence a bird’s cra- 
nial development by influencing its nutrition. Al- 
ternatively, success in dominance might correlate 
indirectly with cranial development. If age since 
hatching influenced dominance (Glase 1973, 
Rushen 1982, Arcese and Smith 1985, Kikkawa 
et al. 1986) and if the timing of pneumatization 
indicated a bird’s age since hatching, then cranial 
development might indirectly correlate with suc- 
cess in dominance. 
METHODS 
Subjects and basic measurements. We captured 
White-throated Sparrows two or three times 
weekly from November through April 1982-l 988 
at Mason Farm Biological Reserve in Chapel Hill, 
North Carolina, but our studies of cranial pneu- 
matization were restricted to three winters 1984- 
1987. We trapped birds in six-celled treadle traps 
at 17 stations 25 m apart along a hedgerow (Piper 
and Wiley 1989a). Traps were checked 2-3 times 
each day between OS:00 and 13:OO. We took the 
following measurements from each bird when 
first captured: length of unflattened wing chord 
(to the nearest 0.2 mm), mass (to the nearest 0.5 
g), extent of subcutaneous fat in the furcula and 
on the abdomen (Piper and Wiley 1990a), amount 
of white or black in the median, lateral and su- 
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perciliary stripes on the crown (Piper and Wiley, 
1989b), and extent of skull pneumatization as 
described below. In addition, we determined each 
bird’s sex by laparotomy (Wingfield and Farner 
1976, Piper and Wiley 199 1 b). During the winter 
of 1984-1985, in order to assess the effects of 
laparotomy, we performed this procedure on 5 1 
first-winter birds chosen randomly by coin toss- 
es. Another 45 first-winter birds were handled in 
the same way except they received no laparot- 
omy (Piper and Wiley 1991b). Birds were then 
released at the site of capture within two hours. 
Birds subsequently recaptured during any one 
winter were inspected at the site of capture and 
promptly released. At these times, we recorded 
levels of fat and extent of cranial pneumatiza- 
tion. During the winters 1984-l 987, birds orig- 
inally captured with incompletely pneumatized 
skulls were trapped on average 13.1 times in their 
first winter (SD = 10.5, n = 422). 
This species has two genetic morphs, white- 
and tan-striped (Lowther 196 1, Thomeycroft 
1975). We could determine a bird’s morph in 
basic plumage with an overall accuracy of 89% 
based on its age and sex and on measurement of 
its crown stripes (Piper and Wiley 1989b). 
Cranial pneumatization. To inspect the cra- 
nium for pneumatization, we spread the feathers 
just lateral to the sagittal plane by gently blowing 
and, if necessary, slightly wetting them to pro- 
vide a clear view of the cranium through the skin. 
This patch of skin could then be gently moved 
around with the fingers to permit inspection of 
the posterior, dorsal, and lateral surfaces of the 
cranium (see Svensson 1984, Pyle et al. 1987). 
The pneumatized areas, with white speckles in- 
dicating the ends of interlaminar struts, were dis- 
tinctly separated from the darker unpneumatized 
areas. The progress of pneumatization eventually 
led to two, irregular, unpneumatized patches on 
either side of the sagittal suture, a pattern found 
in many emberizines (Mellencamp 1969, Wink- 
ler 1972, Yunick 1979). 
Several investigators have proposed criteria for 
stages of pneumatization (Winkler 1972, 1979; 
Hamel et al. 1983). We have adopted a classi- 
fication of five stages, as follows: (1) very little 
pneumatization; (2) at least one-quarter of the 
cranial surface pneumatized; (3) at least one-half 
of the surface pneumatized, (4) at least three- 
quarters of the surface pneumatized (unpneu- 
matized openings ~6 mm in medio-lateral di- 
ameter); and (5) completely pneumatized. With 
practice we could determine a bird’s stage of 
pneumatization in the field with available light 
and without magnification. These scores were 
highly consistent between ObSeNerS. On 132 oc- 
casions in 1984-1985, the same bird was cap- 
tured and scored in the field twice on the same 
day; in 86% of cases the two scores agreed, and 
in the remainder, often border-line cases, they 
differed by only one unit. 
Other measurements. Analyses of individual 
variation in the timing of cranial pneumatization 
included 14 variables. Our methods for measur- 
ing each of these variables have been described 
in detail previously (Piper and Wiley 1989a, 
1989b, 199 1 b). Determinations of wing-chord 
length, sex, brightness of crown stripes and morph 
are briefly described above; in this section we 
present summaries of procedures for the re- 
maining variables. 
Dominance interactions were observed at four 
locations along our trapline during each winter. 
One bird was considered dominant to another if 
it supplanted, attacked, or won a face-to-face fight 
in at least 75% of their interactions. As an index 
of dominance we used a bird’s dominance pro- 
portion, the proportion of opponents dominated 
divided by the total number of opponents to 
which it was either dominant or subordinate. 
Dominance proportions were normalized with 
the logit transformation (Snedecor and Cochran 
1967). We excluded from analyses all individuals 
with fewer than 10 dyadic dominance relation- 
ships. 
To derive a corrected dominance proportion 
that compensated for the effects of location (Pip- 
er and Wiley 1989a), we added to a bird’s dom- 
inance proportion an estimate of the decrease in 
dominance resulting from the distance between 
its mean trapping point and the locations of its 
dominance interactions (Piper 1990b). A bird’s 
mean trapping point was the mean distance from 
one end of our nearly linear trap line to the lo- 
cations at which it was trapped. In addition, we 
calculated the standard deviation of each bird’s 
trapping locations as a measure of the extent of 
its range along our trap line (Piper and Wiley 
1989a). 
We measured a bird’s subcutaneous fat at each 
capture by summing its scores for furcular and 
abdominal fat (for details see Piper and Wiley 
1990a). This measure of subcutaneous fat had a 
simple linear relationship with body mass (R2 = 
0.334 for linear, 0.333 for polynomial, and 0.335 
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for exponential models) and thus apparently pro- 
vided an interval scale of measurement for total 
body fat (see also Rogers 199 1). An average score 
was obtained for each bird by taking the mean 
of all its measures of subcutaneous fat during 
January and February. 
To estimate the date of arrival in the study 
area for each bird, we subtracted half of the mean 
interval between its captures from the date of its 
initial capture, a measure that compensated for 
differences in how often birds were trapped. As 
approximate measures of how frequently each 
bird visited the artificial feeding sites, we used 
the number of times it was trapped and the num- 
ber of dyadic relationships determined for it. 
Estimates of the timing of cranial pneumati- 
zation for individual birds. Although we recap- 
tured birds repeatedly during the period when 
pneumatization proceeded to completion, few 
birds were recaptured frequently enough to allow 
us to determine the precise dates on which they 
reached a particular stage. Therefore, we em- 
ployed two measures of the date on which each 
first-winter bird reached Stage 4 of pneumati- 
zation: (1) the first date on which the bird was 
actually observed in Stage 4; and (2) the average 
of the last date observed at Stage 3 and the first 
observed at Stage 4. The date a bird was first 
observed in Stage 4 depended both on the date 
it reached this stage and on its probability of 
being trapped. Provided this probability re- 
mained constant within a season, the date of a 
bird’s first capture in Stage 4 minus half the in- 
terval since its last capture in Stage 3 provides 
an estimate of the actual date on which it reached 
Stage 4. Measure (2) should thus avoid bias from 
individual or annual differences in rates of cap- 
ture. For this measure, we included only those 
individuals actually observed at least once in both 
Stages 3 and 4, so sample sizes were smaller than 
for the first measure (1984-1985, n = 99, 61 
respectively; 1985-1986, n = 52,28; 1986-1987, 
n = 112, 67). 
Analysis of covariance applied to cranialpneu- 
matization. To evaluate correlates of our two 
measures of the timing of cranial pneumatiza- 
tion, we used each measure as a criterion (de- 
pendent) variable in a separate analysis. As pre- 
dictor (independent) variables we included all 
behavioral, morphological and other attributes 
that seemed possibly relevant: dominance pro- 
portion, corrected dominance proportion, sex, 
brightness of crown stripes, morph, wing-chord 
length, estimated arrival date, average fat score 
in January and February, standard deviation of 
trapping locations, weighted mean distance be- 
tween mean trapping location and locations at 
which a bird was observed interacting, number 
of times trapped, and number of dyadic rela- 
tionships 
First, we used stepwise multiple regression to 
eliminate variables with significance levels great- 
er than 0.15 (Systat, Inc., Evanston, Illinois; see 
Piper and Wiley 1989a). Next, we tested all in- 
teractions among the selected variables for sig- 
nificance. Finally, since one of the final predictor 
variables (year) had three levels, we examined 
the resulting model with an analysis of covari- 
ante. We took (Y = 0.004 in accordance with the 
Bonferroni method (0.05/14 variables; Keppel, 
1982) to adjust for the large number of variables 
considered. 
To assess the influence of laparotomy on cra- 
nial development in our sample of birds ran- 
domly assigned to categories of treatment and 
control, we used an analysis of covariance with 
the date first observed in Stage 4 as the dependent 
variable and with arrival date and laparotomy 
as categorical independent variables and wing 
length as a continuous independent covariate. 
RESULTS 
Laparotomy and cranial development. Subjects 
randomly assigned to receive laparotomies in 
1984-1985 did not differ from the controls in 
dates they were first observed in Stage 4 ofcranial 
development (mean date 87.4 + 18.9 days after 
October 1 for birds subjected to laparotomy, 88.7 
-t 17.8 days for birds not so treated, F = 0.089, 
n = 72, P > 0.5). Thus we conclude that lapa- 
rotomy had no effect on the progress of pneu- 
matization in our study. In general, laparotomy 
had little effect on these subjects (Piper and Wiley 
1991 b); we do not mention it further here. 
Annual variation in cranial development. 
Known first-winter White-throated Sparrows 
varied considerably in the dates on which they 
reached different stages of cranial pneumatiza- 
tion. In addition, there was considerable varia- 
tion in the course of pneumatization in this pop- 
ulation from year to year (Fig. 1). In 1984-l 985, 
14.5% of birds had completed pneumatization 
by 29 December. In 1986-1987,40% had com- 
pleted pneumatization by that date. In the three 
years of this study, 50% of birds had completed 
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FIGURE 1. The distributions of the stages of cranial pneumatization in first-winter White-throated Sparrows 
at intervals of 10 days in 1984-1985 and 1986-1987. Number above each column indicates n; these data include 
only those birds known to have had a particular stage of pneumatization on the date indicated. 
cember, and 8 January, respectively, and 10% their second winter, only one had incomplete 
had completed pneumatization by 19 December, pneumatization (unilateral, < 2 mm diameter). 
29 November, and 9 November. Pneumatiza- Individual d$erences in cranial development. 
tion is completed in virtually all birds during the In examining our first measure of the timing of 
first winter. Over five years, among more than pneumatization, the earliest date on which a bird 
300 banded birds returning to our study area for was actually observed in Stage 4, we identified 
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Arrival date 1 7,702.O 24.6 CO.001 
Year 2 6,299.5 20.1 -Co.001 
Wing length 1 3,114.2 9.9 0.002 
Error 166 313.1 
Rz=0.324;n=171. 
three variables related to pneumatization: arrival 
date, year, and length of wing chord (Table 1, 
Fig. 2). None of the first-order interactions of 
predictor variables was significant (for the closest 
case, the interaction between wing chord and year, 
P = 0.044). The association of sex, a correlate of 
wing-chord length, with our first measure of 
pneumatization was much weaker (P = 0.048). 
Because the positive regression of this measure 
on length of wing chord remained significant 
within each sex separately, we concluded that our 
first measure of the timing of pneumatization 
was primarily related to wing length rather than 
sex. 
Variable df 
pneumatization than in our first (Table 2). 
F P The negative correlation of arrival date with 
the timing of cranial pneumatization was a result 
of the constraint that no bird could be observed 
in Stage 4 of pneumatization before it arrived. 
Later arrivals included some birds that had al- 
ready reached Stage 4, a situation that biased 
observations of cranial development in these 
birds. Further examination of the data from 
1984-l 985 showed that birds arriving earlier took 
longer to reach Stage 4 than those arriving later 
(Fig. 3). If pneumatization proceeded indepen- 
dently of migration, we would expect the slope 
of this relationship to equal - 1 .O. The observed 
value, -0.92, probably deviates from - 1.0 be- 
cause birds arriving late were more likely to have 
completed pneumatization before arrival. Thus 
our results provided no evidence that the timing 
of pneumatization was influenced by migration. 
Inclusion of estimated arrival dates in our anal- 
yses served primarily to control for this nuisance 
variable. 
In analyzing our second measure of pneuma- 
tization, the estimated date on which a bird 
reached Stage 4, we found that arrival date and 
year were again related to the timing of pneu- 
matization (Table 2). The effect of wing length 
TABLE 1. Analysis of covariance of variables affect- in this analysis failed to reach significance. These 
ing the first date on which a bird was observed in Stage 
4 of cranial pneumatization. 
three variables together explained slightly more 
of the total variance in our second measure of 
Dominance and cranial development. Neither 
dominance proportion nor corrected dominance 
proportion was significantly associated with 
pneumatization in our analyses. To determine 
whether the timing of pneumatization might af- 
fect the previously published results for the pre- 
dictors of dominance (Piper and Wiley 1989a), 
we tested a model with dominance proportion 
as the criterion variable and the following as pre- 
dictor variables: sex, location (weighted mean 
distance between a bird’s mean trapping location 
and sites at which we observed its dominance 
interactions), and date first observed with Stage 
4 of pneumatization. This model thus included 
those variables previously found to have signif- 
icant associations with dominance proportion, 
-601. , , , . , . , , I 
64 66 68 70 72 74 76 78 
Length of Wing Chord 
FIGURE 2. The relationship between the first date 
a bird was observed in Stage 4 of cranial development 
(residuals from an analysis of covariance with year and 
date of arrival as predictor variables) and the length of 
its wing chord. 
TABLE 2. Analysis of covariance of variables affect- 
ing the first date on which a bird was estimated to have 
reached Stage 4 of cranial pneumatization. 
Variable df 
Arrival date 1 6,812.5 28.2 CO.001 
Year 2 2,580.9 10.7 CO.001 
Wing length 1 987.5 4.1 0.046 
Error 110 241.4 
R’ = 0.354; n = 115. 
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Y I 191 - 0.922): F? - 0.650 
Estimated Date of Arrival 
FIGURE 3. The relationship between a bird’s esti- 
mated date of arrival (100 = October 1) and time after 
arrival until it was first observed in Stage 4 of cranial 
development. 
with the exception of age, since only first-winter 
birds were included here. Location and sex, but 
not the timing of pneumatization, were signifi- 
cantly related to dominance (Table 3). 
DISCUSSION 
Comparisons with other studies. In this study, as 
in previous studies of White-throated Sparrows 
(Mellencamp 1969) and other emberizines 
(Winkler 1972, 1979), pneumatization occurred 
primarily after autumnal migration and contin- 
ued in many individuals into January and Feb- 
ruary. With only rare exceptions, birds com- 
pleted pneumatization well before the partial 
prealtemate molt and vernal migration. 
The present study differed from previous ones 
in following large samples of marked individuals 
in the field. When individuals are examined only 
once, there is often no way to distinguish first- 
year birds that have completed cranial devel- 
opment from older birds. As a consequence, the 
presentation of field data on seasonal changes in 
the proportions of birds with different stages of 
pneumatization (Winkler 1972,1979) confounds 
the seasonal development of individual birds with 
seasonal changes in age ratios. This problem is 
not encountered when marked birds are exam- 
ined repeatedly. 
Annual and individual variation. The analyses 
of covariance for our two measures of the timing 
of pneumatization (date first observed in Stage 
4 and estimated date of reaching Stage 4) both 
showed significant effects of year. Wing length 
had a significant influence on the first measure 
but not the second. This lower level of signifi- 
cance for wing length in the second analysis in 
comparison to the first probably resulted from 
the smaller sample size. 
Bias caused by trapping frequency did not pro- 
duce the significant differences among years in 
our first measure of cranial development. The 
year in which we trapped birds most intensively 
for examination of their skulls, 1984-1985, was 
the year with the latest cranial development, not 
the earliest as expected from a trapping-frequen- 
cy bias. Also our second measure of cranial de- 
velopment, which should be free from trapping- 
frequency bias, showed significant differences 
among years. Thus we conclude that there are 
real differences between years in the timing of 
cranial development. The causes of these differ- 
ences remain unknown but might include annual 
differences in nutrition or phenology of hatching. 
Annual variation in timing of pneumatization 
makes it necessary to be cautious in determining 
age by cranial pneumatization after November. 
Bias from differences in trapping frequency also 
cannot explain the significant effect of wing length 
on our first measure of cranial development, since 
wing length did not correlate with frequency of 
capture. Our analyses provided no evidence that 
this influence of wing length on the timing of 
cranial development resulted either from nutri- 
tional deficiencies associated with large size or 
from indirect effects of sex. The initial stepwise 
TABLE 3. Correlates of dominance in white-throated sparrows (partial correlation coefficients from multiple 
regression). 
Variable Coefficient P 
Distance from mean trapping point 
Sex 
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multiple regressions provided no evidence that 
pneumatization was associated with use of ar- 
tificial sources of food, our one measure of feed- 
ing. However, use of these sources only became 
frequent during December and January, after 
most pneumatization had already occurred. The 
stepwise multiple regressions, in addition, elim- 
inated sex as a significant predictor of cranial 
development, and bivariate analyses showed that 
the timing of pneumatization correlated with wing 
length within each sex separately. Thus wing 
length appears to have a weak but unexplained 
influence on cranial development in this popu- 
lation. 
Cranial development, hatching date and dom- 
inance. We found no indication that timing of 
pneumatization correlated with a bird’s domi- 
nance in its first winter. Apparently, either hatch- 
ing date had little effect on dominance in a White- 
throated Sparrow’s first winter, or hatching date 
had little relation to the timing of pneumatiza- 
tion, or both. The relationship between age and 
cranial development might also vary over the 
latitudes encompassed by the breeding range 
(Winkler 1979). Consequently, for White-throat- 
ed Sparrows, the relationships among hatching 
date, dominance, and timing of pneumatization 
remain uncertain. 
Previous studies that have reported relation- 
ships between dominance and age during the first 
year of life have all involved permanently resi- 
dent species (Arcese and Smith 1985, Kikkawa 
the Black-capped Chickadee. Living Bird 12:235- 
267. 
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